An antigen-capture enzyme-linked immunosorbent assay (ELISA) was developed to monitor virus shedding associated with experimental infection with a field strain of swine influenza in pigs. The assay consisted of a monoclonal anti-nucleoprotein capture antibody and a biotinylated rabbit anti-influenza A (H1N1) sandwich antibody. The antigen-capture system was capable of detecting as little as 1 ng/ml purified virus. The ELISA system surpassed egg cultivation procedures in the detection of low levels of shedding virus. Egg cultivation procedures indicated that most viral shedding had ceased by day 10 postinfection. In contrast, antigen-capture ELISA still showed an ongoing presence of viral antigen. A virus-capture ELISA, using this capture-sandwich antibody system, is equivalent in sensitivity to conventional egg inoculation procedures for the detection of the early phases of virus shedding. The automative potential of an ELISA-based system coupled with a substantially reduced assay time requirement give this virus-capture ELISA a distinct advantage over other cell culture or egg-based diagnostic techniques.
A variety of methods have been successfully employed to directly detect influenza virus in nasopharyngeal secretions. Use of the direct and indirect fluorescent antibody (FA) technique on nasal smears provides an adequate although somewhat insensitive and tedious means of direct virus detection in humans and swine 14, 16, 17, 19, 20 Twenty-four-well plate centrifugation culture assays have greater sensitivity than direct or indirect FA methods. 6, 16, 24 More recently, the polymerase chain reaction has also been successfully used for this purpose. 3, 26, 28 This technique could detect as little as 0.1 ng of a purified virus preparation. 28 Antigen-capture type ELISA formats have been described. 4, 7, 8, 13, 14, 23 These assays were capable of detecting influenza virus at the 10 ng/ml concentration level. Of the techniques described here, these assays provide the most convenient mechanism for multiple sampling and an adequate level of sensitivity. 510 This paper describes the development of an antigen-fined a viral shedding period lasting up to 9 days postinfection. 10, 22 Persistent virus shedding of 3 months duration has also been described. 2 Although the presence of passively acquired maternal antibody in weanling pigs can modulate the duration and magnitude of virus shedding, it will not entirely prevent the disease 10, 21 Influenza infection in the presence of high passively acquired immune titers in nursing pigs can result in clinical disease upon reexposure 2 or 3 months later. 11 Given the ambiguous relationship that exists between HI titer and the actual disease exposure status of the animal, new outbreaks can be identified only through the use of direct virus detection methods.
capture ELISA for the direct detection of H1N1 influenza virus in swine. This ELISA was compared with the standard egg isolation method in evaluating the duration of virus shedding in swine experimentally infected with a field strain of H1N1.
Materials and methods
Viruses. The recombinant high-yielding egg-adapted virus strains X-41 (H3N2) and X-53 (H1N1) were cultivated to obtain the purified virus antigen used to determine assay sensitivity. a The virulent field strain A/SW/SD/18582/88 (H1N1) was utilized as the experimental infection strain. b Virus was inoculated into 9-day-old embryonated chicken eggs. The allantoic fluid containing the cultivated virus was harvested 72 hr later. Egg infectious dose 50% (EID 50 ) procedures were run as described previously. 18 Purification of virus antigen. Virus was purified using a modification of an earlier procedure. 12 Virus protein concentration was determined using a commercially available protein determination assay. c Allantoic fluid containing virus was centrifuged at 10,000 x g for 15 min to sediment cell debris, followed by an overnight (16 hr) centrifugation at 17,000 x g to pellet the virus. The virus pellets were resuspended in a minimal volume of phosphate-buffered saline (PBS) (pH 7.4) and layered onto a 30%-over-60% sucrose cushion. Following a 75-min centrifugation at 80,000 x g, purified virus was removed from the 30%/60% interface using an 18-ga needle. Purified virus was resuspended again in PBS, pelleted at 100,000 x g for 60 min, and resuspended in a minimal volume of PBS. Aliquots were made and frozen at -80 C until needed.
Production of antibodies. Monospecific anti-H1N1 antibody was made in New Zealand White rabbits. Rabbits were given 50 µg, 100 µg, 200 µg, and 200 µg purified whole virus in multisite subcutaneous injections. The initial injection consisted of an emulsion of 50% v/v complete Freund's adjuvant. The booster injections given at 3-wk intervals were in a 50% v/v incomplete Freund's adjuvant. Monoclonal antibody to the nucleoprotein was obtained from the growth of HB 65 hybridoma cells d in BALB/C mice.
Biotinylation of rabbit IgG anti-influenza H1N1. Polyclonal rabbit serum anti-X-53 (H1N1) whole virus was precipitated with 35% v/v saturated (NH 4 ) 2 SO 4 and further purified on a commercially available DEAE column. e The purified IgG was biotinylated using a commercial NHS-LC-Biotinylation kit, c which resulted in between 3 and 4 biotin molecules per IgG, as determined by methods provided in the biotinylation kit.
Experimental infection of swine. Approximately 2 x 10 7.5 EID 50 of A/SW/SD/18582/88 (H1N1) in 2 ml allantoic fluid was administered intranasally to 5 3-mo-old specific-pathogen-free (SPF) (University of Minnesota Animal Research Facility, Rosemount, MN) pigs. Five uninfected contact pigs were housed in the same isolation unit as the 5 infected animals. All pigs were previously determined to be HI and ELISA negative. Nasal and rectal swabs were taken every other day for 24 days. All swabs were stored in virus transport medium (2 nasal or rectal swabs per vial) containing antibiotics. 1 This medium consisted of brain-heart infusion broth f containing penicillin (10,000 IU/ml), streptomycin (10,000 µg/ml), amphotericin B (5 µg/ml), and tylosin (300 µg/ml). g Approximately 0.5 ml of each nasal swab mixture was removed and frozen at -70 C for cultivation in embryonated eggs. The remainder was processed with NP-40 (see below) and assayed in the capture ELISA. Serum was collected just prior to infection and on days 2, 4, 6, 8, 10, 13, 17, and 24 postinfection. The field strain of virus was reisolated from infected animals via egg cultivation of nasal swabs and verified by HI. Three control animals of this same age group were housed in a separate isolation unit and utilized as normal nasal exudate reference controls.
Estimation of EID 50 /ml nasal exudate. Eggs were inoculated with 0.1 -ml volumes of lo-fold dilution increments of the virus transport medium taken from tubes containing 2 rectal or nasal swabs plus 2.5 ml of medium. The 50% end points were determined. Taking into account the approximate uptake volume of the nasal swabs and the dilution factor resulting form the 2.5 ml of virus transport medium present in each swab sample tube, the EID 50 /ml nasal exudate was estimated.
Serologic tests. Hemagglutination and HI tests were run in disposable microtiter-U-plates, h using 0.5% chicken red blood cells according to standard procedures. 18 All HI tests specific for H1N1 virus exposure utilized the A/swine/Iowa/ 1930 strain of swine influenza.
Virus-capture ELISA. Monoclonal antibody (HB 65), d specific for influenza nucleoprotein, was coated onto 96-well ELISA plates. i The antibody was diluted in PBS to a concentration of 2.5 µg/ml, and 100 µ1 per well was added to the plate. Following an overnight incubation at 4 C, the plates were washed 4 times in PBS-Tween, and blocked with PBS-2.5% fish gelatin over night at 4 C. To facilitate longer storage at 4 C, the blocking agent was sterile filtered through 0.22µm filters. i Using a modification of a previous method, 23 purified virus, allantoic fluid containing X-53, X-41, and A/SW/SD/ 18582/88 were diluted in virus transport medium containing 0.25% NP-40. e Transport medium containing nasal or fecal specimens was diluted with an equal volume of transport medium-0.50% NP-40. All virus samples were incubated at 37 C for 30 min prior to testing in the ELISA. Virus-containing samples were incubated for 3 hr at 37 C with mixing following a single wash of the blocked plates with PBS-Tween. The plates were then incubated with 1:4,000 rabbit IgG-biotin anti-H1N1 influenza in fish-Tween diluent for 1 hr at 37 C with mixing. Following 5 washes with PBS-Tween, plates were incubated with 1:8,000 avidin-horseradish-peroxidase conjugate in fish-Tween diluent for 1 hr at 37 C with mixing. Following 5 more washes in PBS-Tween, color was developed using 3,3',5,5'-tetramethylbenzidine (TMB) j chromagen (100 µ1 per well) for 15 min at 37 C with mixing. The reaction was stopped with an equal volume of 3 N H 3 PO 4 , and optical density (OD) was read at 450 nm. S/P ratios, as defined by the formula S/P = (sample ODstandard negative OD)/(standard positive OD -standard negative OD), were used for reporting all ELISA values. The positive/negative cutoff for the virus-capture assay consisted of the average S/P value (in virus-capture assay) of the nasal swab solutions obtained from the 10 pigs prior to experimental influenza infection plus 5 standard deviations.
Results
Sensitivity of virus-capture ELISA. Purified X-53 (H1N1) influenza virus ranging in concentration from 0.1 ng/ml to 100 ng/ml was suspended in virus transport medium-0.25% NP-40 and evaluated in the antigen-capture ELISA. A negative control well containing no virus was used as the assay background subtraction blank. This assay could detect X-53 virus Lee et al. markedly although the specific amount was not quantified. Feeding frequency appeared to return to normal 10-12 days PI, with no obvious clinical signs of secondary infection. Control animals remained serologiin concentrations as low as 1 ng/ml or 0.1 ng/assay well (A 450 = 0.213) (Fig. 1) . Virus concentrations > 100 ng/ml gave A,,, absorbance values at or in excess of 3.0. These values were arbitrarily recorded as having a value of 3.0. Without the addition of NP-40 detergent, which acts to disrupt influenza virus aggregates tally negative for influenza exposure and showed no indication of virus shedding by egg or antigen-capture detection methods. and to enhance nucleoprotein exposure to the capture antibody, minimum detection levels increased to approximately 20 ng/ml (data not shown). Allantoic fluids were diluted in normal nasal wash (consisting of a pool of nasal swab samples taken from 3 SPF HInegative pigs) plus antibiotics to give virus concentrations of 10 7 -10 3 EID 50 units/ml of X-53, X-41, or H1N1 (field strain). The minimum EID 50 concentration detected by the assay ranged from 10 4 to 10 6 EID 50 /ml, depending on the strain and subtype examined (Fig.  2) . Virus concentrations 2 10 6 EID 50 units/ml started to fall outside of the upper detection range (A 450 > 3.0).
Experimental infection with a field strain of swine influenza. Pigs intranasally infected with 2 ml of 10 7.5 EID 50 /ml A/SW/SD/ 18582/88 field strain of swine influenza began showing classic swine flu signs within 48 hours of initial inoculations. Animals became lethargic and febrile with occasional coughing observed 5 days postinoculation (PI). Daily body temperatures, although somewhat variable from animal to animal, peaked on day 3 and day 5, followed by a gradual decrease toward the normal temperature of 103.5 F Influenza virus detection following experimental infection. The magnitude and duration of virus shedding was monitored using traditional egg inoculation methods 18 and the virus-capture ELISA. The relative efficiency for detection of viral shedding in nasal exudates was compared (Fig. 3) . Egg inoculation and ELISA methods detected virus in the 5 intranasally infected pigs on day 2 PI. At this time, the contact control pigs were negative by both tests. The number of animals shedding virus reached 100% (10 of 10) in both the egg inoculation and the ELISA tests on day 6 PI (Fig. 3) . Virus was no longer detectable by firstpassage egg inoculation on day 10 PI (Table 1) . In contrast, the virus-capture ELISA still showed the presence of virus antigens in 9 of 10 (90%) animals on this day. Rectal swabs taken every other day to day 24 PI were negative by both egg cultivation and ELISA procedures throughout the sampling period (data not shown). In general, the virus-capture assay correlated well with the egg inoculation test and showed somewhat greater sensitivity in the later stages of infection (Table 1 ). Any swab that was negative on the first passage was back passaged 2 more times before the sample was considered negative. This technique iden-(data not shown). Feed consumption diminished tified the presence of virus shedding in pig no. 2 following the third egg passage (Table 1) . ELISA values obtained from the assay of nasal swabs taken from this animal during maximum virus shedding (days 4-6 PI) averaged 0.418 OD units A 450 as compared with a group average of 0.724 for the same time period. Allantoic fluid samples from eggs showing positive hemagglutination, due to the presence of virus in the nasal swab, were evaluated in the HI test for sensitivity to either monospecific H1N1 or H3N2 antisera. This test verified that the virus reisolated from the nasal swabs was the H1N1 influenza virus that the animals were inoculated with.
The magnitude of virus shedding was also examined. Maximum virus shedding occurred approximately 4 days PI, yielding geometric mean EID 50 titers of 10 2.38 and 10 2.84 EID 50 U/ml nasal exudate solution for intranasally infected and contact controls, respectively Table 1 . Estimated concentration (EID 50 /ml nasal exudate) of influenza virus in nasal exudate solutions obtained from experimentally infected pigs.
( Fig. 4) . A maximum virus concentration of 10 5.2 EID 50 U/ml was measured in 1 contact control pig on day 6 PI (Table 1) .
Discussion
Antigen-capture ELISA systems have been described for identification of Type A influenza in animals and humans. 4, 7, 8, 13, 14, 23 These assays were comparable in sensitivity to conventional egg inoculation procedures but required far less effort and processing time for completion. The virus-capture ELISA described in this study exhibited greater sensitivity (0.1 ng/assay well) than the previously described formats (0.8-2 ng/assay well), 13, 14, 23 possibly because of our use of a biotin-avidin signal amplification system. With a capture-readout system consisting of a monoclonal anti-NP (HB 65) capture antibody coupled with a biotinylated rabbit anti-H1N1 whole virus polyclonal sandwich antibody, minimal virus detection levels approached 1 ng/ml or 0.1 ng/assay well. Assay sensitivity was substantially reduced (10-fold) when virus samples were diluted in transport-medium-NP-40 buffer containing nasal exudate from normal (HI negative) pigs (data not shown). Minimum detectable concentrations of field strain swine influenza H1N1 virus were 10 3 EID 50 U/ml in transport medium-NP-40 solution alone versus 10 4 EID 50 U/ml in transport medium-NP-40 containing nasal exudate components. This inhibitory effect was also documented in earlier work with human nasal wash samples 9 in which it was suggested that the inhibitory effect was the result of preformed antibodies. However, this explanation seems less likely than the potential for steric blockage due to cellular debris and mucus, much of which contains an abundance of sialic acid receptor groups capable of binding to the virus hemagglutinin. This binding would prevent virus binding to immobilized capture antibody, thus drastically reducing the perceived efficiency of the assay.
Influenza strain and subtype variation also affected the sensitivity of the virus-capture assay. The diminished sensitivity for influenza A H3N2 was attributable to the specificity of the biotinylated rabbit polyclonal anti-influenza A H1N1 sandwich antibody. Were this antibody to have resulted from hyperimmunization of rabbits with both H1N1 and H3N2 subtypes, the assay sensitivity for X-41 (H3N2) versus X-53 (H1N1) would have probably been comparable. The substantially higher perceived sensitivity for the field strain of swine influenza could be attributable to differences in the number of virus particles required to generate 1 EID 50 unit of infectivity. Both the X-41 and the X-53 are high-yielding recombinant egg-adapted strains of influenza virus. As such, they require far fewer virus particles to produce 1 EID 50 unit than the field strain virus would require. Therefore, the amount of detectable viral antigenic mass for either the X-53 strain or the field strain would be equivalent.
Detection of virus shedding by the ELISA-based antigen-capture format met or exceeded that observed using conventional egg-inoculation procedures. ELISA methods have the advantage of being able to detect both active and inactive virus particles in addition to the individual protein components of the virus. This detection ability was demonstrated on day 10 PI. The egg-inoculation method indicated that most of the viable virus was absent from the nasal swabs of either the intranasally infected or contact animals on this day. In contrast, the ELISA-based antigen-capture assay detected virus in 90% of the samples. Although some level of virus shedding may still be occurring at this point, it could be masked by the neutralizing effect of secretory IgA. Virus neutralization would have little effect on the ELISA.
The duration and magnitude of virus shedding was determined with the egg-inoculation assay. As reported previously, 10, 22 most egg-detectable virus shedding is completed within 10 days of initial exposure to the virus. Maximum concentrations of virus in the nasal exudate was detected on day 6 PI, at which point every animal was shedding virus to some degree. The method of virus exposure had no impact on the quantity or length of time that virus was present in the nasal passages of the test animals. Animals infected either intranasally or through passive contact shed virus for the same length of time at roughly equivalent concentration levels.
Early diagnosis of influenza A outbreaks in pigs is an important factor in determining the true cause-andeffect relationship that exists between swine influenza infection and other secondary conditions. Direct and indirect FA techniques provide a rapid sampling method for the detection of influenza virus in nasopharyngeal swabs. Unfortunately, these techniques lack the sensitivity attainable by the more lengthy egg-cultivation or 24-well-plate cell culture/FA procedures. Antigen-capture ELISA formats possess the sensitivity of the cell culture methods yet require only a fraction of the time and effort to obtain the result. Widespread utilization of these ELISA-based virus detection methods could help clarify the true impact of this disease on the domestic swine industry.
